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INTRODUCTION 
The aerospace industry is increasing its use of composite materials because 
of their high: strength and stiffness to weight ratios. These attributes not only 
provide a direct incentive but have a "multiplier " effect that operates to reduce 
fuel consumption and engine weight. In addition these materials possess other 
desirable properties such as: low thermal expansion, resistance to fatigue and 
corrosion. In the next generation of aircraft advanced composite materials could 
constitute a substantial portion of an airframe structure. 
Unfortunately, the very nature of these fiber reinforced polymers makes 
them prone to certain kinds of damage. In particular, fiber reinforced thermoset 
composite materials are very susceptible to impact loading because the epoxy 
matrix is at least an order of magnitude weaker than the imbedded fibers of 
carbon or Kevlar. Current diagnostic techniques are time consuming and costly. 
In the future it may be possible to build structural integrity monitoring systems 
right into each major or critical component. This could lead to improvements in 
both safety and economics. Smart Structure is the term gaining acceptance for 
the technology of integrating sensors with structures. Optical fiber sensors are 
currently being viewed as the most attractive means of implementing this 
technology [I] and the following definitions are proposed to help clarify the 
terminology: 
Type -I (or "Passive") Smart Structure 
Possesses a structurally integrated optical microsensor system for 
determining the state of the structure. 
Type-11 (or "Reactive") Smart Structure 
Possesses, in addition to a structurally integrated optical microsensor 
system, an actuator control loop to effect some change in the structure. 
"Intelligent Structure" 
A Smart Structure capable of adaptive learning. 
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MECHANISMS OF COMPOSITE FAILURE AND CONVENTIONAL NDE 
SYS1EMS 
Fiber reinforced composite materials are, unfortunately, susceptible to 
several forms of damage. Among the damage modes, delamination has been 
found to be the most serious for all cases of loading. This form of damage can be 
induced by relatively low energy impacts and is particularly insidious as it can 
reduce the tensile strength of the material by as much as 25% and the static 
compressive strength by amounts in excess of 60% with very little visible surface 
damage [3]. This has given rise to the commonly used acronym, BVID, for 
Barely Visible Impact Damage. Such impacts can result from a carelessly 
dropped tool, runway stones, hail, or a glancing collision with a bird. Once 
started the region of damage can grow with load cycling incurred in normal 
operation. 
In the case of thin laminates the impact induced flexure can create large 
tensile stresses that generate transverse or through-the-thickness cracks in the 
lower matrix surface (i.e., the one furthest from the impact surface). At higher 
energies, these cracks propagate upward through the matrix until they reach the 
lowest interface where the reinforcing material fibers have a different 
orientation. The cracks are deflected laterally at this interface, generating a 
region of delamination [4,5]. 
In thick laminates, or thin laminates that are reinforced by a more rigid 
structure such as a honeycomb, high tensile stresses are present around the point 
of the impact because of the contact stresses. This causes cracks to form close to 
the impact surface and then propagate down until they are deflected laterally by a 
ply of differently oriented reinforcing fibers. The delamination formed at this 
point extends away from the point of impact until it is again deflected downward 
into a lower ply by matrix shear cracks. These subsurface cracks are thought to 
arise from shear stresses radiating conically outward from the periphery of 
contact [4]. The damage state in composites subject to impact loading has recently 
been characterized by means of the so called K-rule [5]. This has been used to 
predict the spatial geometry of the resulting delaminations and coupling of 
transverse cracks. 
Although rigorous structural testing is used to ensure that any aircraft 
structure put into service is safe and can withstand the service loads and 
environments - degradation of composites do occur due to: moisture, chemical 
attack, thermal spikes, fatigue, overloading, erosion, impact damage and 
lightning strikes. Accidental damage can also arise during transportation, 
inspection and maintenance. Consequently, a large proportion of aircraft 
maintenance time is currently spent inspecting and testing composite parts for 
manufacturing and service induced defects and cracks. Because visual inspection 
is of such limited value in these materials, a variety of nondestructive evaluation 
techniques have been developed for the purpose of assessing damage to composite 
structural components [6]. 
The most important damage evaluation techniques currently in use are: 
Ultrasonic Probing- this is the most widely used NDE technique for composites 
and bonded joints. The transducers are always coupled to the structure via a 
liquid or solid medium because of the severe acoustic impedance mismatch 
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between air and solid materials. This is achieved by immersion testing or, for 
large components, by the use of water jet probes [6]. When testing is carried out 
manually, a thin layer of gel may be used as a couplant between the transducer 
and the structure. If the amplitude of a particular echo is monitored at each point 
on the surface of the structure, a C-scan can be produced. Measurements at each 
point are taken using a scanning mechanism which produces a map of the defect 
positions, but gives no information about their depth. This information can be 
obtained using the pulse-echo mode whereby the depth of a defect is determined 
by a transit time measurement. 
VIRTUES OF A BUILT-IN FIBER OPTIC STRUCTURAL INTEGRITY 
MONITORING SYSTEM 
Current methods of aircraft structural integrity monitoring, including the 
more reliable ultrasound C-scan and X-ray techniques, often involves both 
disassembling and component by component (sometimes rivet by rivet) 
inspection and are therefore limited to ground use requiring the aircraft to be 
taken out of service. When hand held scanning systems are employed the 
inspections are time consuming and require a highly skilled technician. This 
represents a very labour intensive procedure that is often prone to human error. 
There are also specialized components, like aircraft leading edges that have 
complex geometries and are fitted with molded deicing rubber boots, that cannot 
be inspected by any nondestructive technique. 
The development of a built-in damage assessment system for composites 
could greatly alleviate concerns over the introduction of composite materials as 
well as substantially reduce the cost of their use in aircraft due to savings in 
down time for inspection. In the short term the most important aspect of the 
potential revolution in structural engineering represented by the development of 
Smart Structures could be the fabrication of structural components with built-in 
damage assessment systems. These will permit the structural integrity of any 
major or critical component to be monitored either during regular maintenance 
inspections or in real time. 
Merits of an Optical Fiber Based System 
Optical fibers possess many attractive features that make them eminently 
suitable to serve as the sensory system for Smart Structures. In essence they are: 
• light in weight 
• very small 
• immune to electromagnetic interference 
• inert and corrosion resistant 
• safe and cannot initiate fires 
• capable of being very sensitive sensors 
• embeddable within composite materials 
• nonperturbing in regards to structural properties 
• multifunctional capability 
• optical bus or network compatible 
• amenable to multiplexing and 
• signal processing with integrated optics 
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The field of Structurally Integrated Fiber Optic Reticulate Sensors 
(SIFORS) is in its infancy at present. A generic view of an optical sensor grid 
imbedded within a composite material structure is presented as figure 1. Light is 
launched into the optical grid through some interface (or input connector) and is 
subsequently modified by its passage through the structure. Information about 
the state of the structure can be impressed upon the transmitted (or in certain 
instances the reflected) light by a number of mechanisms [2]. A network of 
suitable optical fibers could be used for a variety of damage assessment tasks. 
Some of the more important are shown in figure 2. The two major diagnostic 
approaches for structural integrity work are optical fiber fracture and optical 
fiber strain sensing. The latter being used to monitor acoustic emission associated 
with forms of damage. 
For composite materials a built-in monitoring system can be based 
on a grid of optical fibers imbedded within the structure at the time of 
manufacture. The simplest form of such a system would involve the 
interrogation of the optical fibers by a source of light and disruption in their 
transmission due to their fracture used to determine the location and extent of 
damage. We have undertaken extensive measurements to demonstrate the 
viability of employing imbedded optical fibers for assessing impact induced 
damage in Kevlar/epoxy samples [8,9]. We have also shown that load induced 
growth of a damage zone resulting from fatigue, mishandling, excessive load or 
flaws created during manufacture could also be detected by this system [ 10]. This 
work constitutes an important knowledge base for the development of fiber optic 
based structural integrity monitoring systems that could also be of considerable 
benefit to many other structures that rely heavily on composite materials such as: 
toxic storage tanks, pressure vessels and pipelines. 
In advanced future aircraft these structurally integrated fiber optic sensors 
could be part of an "intelligent damage assessment system" (IDAS) that could not 
only sense suddenly inflicted damage but also determine its affect in terms of 
limiting flight maneuvers or reducing the useful life of the component. 
DAMAGE ASSESSMENT FOR COMPOSITE MATERIALS BASED ON 
OPTICAL FIBER FRACTURE 
In the early work regular buffered multimode optical fiber (Corning 
1516 with a diameter of 250 J.Uil) were employed and as a result was only 
capable on detecting quite severe damage [11 ]. Another factor contributing to the 
relative insensitivity of the optical fibers to damage was their alignment of the 
optical fibers parallel to the reinforcing fibers. We have found this orientation to 
shield the optical fibers from the matrix cracks associated with a region of 
damage [8]. The use of a two dimensional photodiode array, a video camera and 
a computer was suggested [12] to permit the output of all of the optical fibers to 
be viewed simultaneously. Although this constituted an interesting method of 
interrogating the optical fibers we have chosen to use linear photodiode arrays as 
this leads to a more compact, simpler and less expensive system. 
Optical fibers have also been suggested for detecting: cracks in metal 
surfaces, bond failure in joints, and delaminations in composite structures [13]. 
For aircraft this would be especially suitable for sensing air frame delaminations 
and fractures in the bonds between stringers and the air frame skin. However, 
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the proposed method of interrogating these optical fiber sensors was by means of 
a rotating mechanical switch. Passive optical demultiplexing and multiplexing is, 
however, less vulnerable to breakdown and is more likely to be used in 
operational systems. 
At the University of Toronto Institute for Aerospace Studies (UTIAS) we 
have initially concentrated on addressing some of the fundamental issues involved 
in the development of " Damage Evaluation with Structurally Integrated Fiber 
Optic Reticulate Systems" (DESIFORS) technology. Having laid much of the 
ground work this program has evolved to the point where we ( with the help and 
cooperation of Boeing-deHavilland Division ) have just completed the 
construction of the first aircraft leading edge to be instrumented with a fiber 
optic damage detection system. 
Backlighting and Optical Bleeding 
The translucent nature of Kevlar/epoxy (made mostly from Fiberite HY -E 
17714AA/4560 unidirectional prepreg tape) allowed us to map the location of 
each optical fiber imbedded in panels of this material by means of the diffuse 
laser radiation emitted by the optical fibers (especially in the vicinity of bends) 
[8]. This was made easier because we used multimode optical fibers (Coming-
1517 multimode with a cladding diameter of 125 jlm and a 50 jlm core) for this 
damage sensing work. After the panel was subject to an impact the position of 
fracture along each optical fiber could be pinpointed from the "bleeding" of laser 
radiation from the fractured end. We have determined that when the optical fiber 
fractures and profuse light bleeding occurs the transmission of the optical fiber 
drops by at least 90%. 
The translucent nature of Kevlar/epoxy also permits us to readily observe 
the lateral extent of delaminations between adjacent Kevlar plies incurred as a 
result of an impact. The shadow cast by a zone of delamination is revealed by 
subjecting the sample to backlighting from an intense incandescent light. We have 
demonstrated that this method, when augmented by use of a video (CCD) 
camera and image processing, represents a reliable alternative to ultrasound C-
scan for the Kevlar/epoxy specimens used in the current work [14]. Image 
enhanced backlighting represents a promising new diagnostic technique that 
could substantially improve the quality control for translucent composite 
materials because it has high resolution, is much more convenient to use than 
ultrasound C-scan and could be used in real time. The latter feature is especially 
important for it could facilitate the study of the "dynamics of damage" in a 
manner not practical with ultrasound or X-rays. 
Treatment. Orientation. Depth and Influence of Embedded Optical Fibers 
We have found that in the case of Kevlar/epoxy panels the imbedded 
optical fibers fractured only when they were in the immediate impact zone and 
then only if substantial damage was inflicted. We therefore devised a special 
treatment for the optical fibers that enabled us to reduce their strength and 
thereby control there damage sensitivity [9]. A combination of optical bleeding 
and image enhanced backlighting was used in an extensive analysis of the 
dependence of the sensitivity to fracture of the treated optical fibers with respect 
to: their orientation relative to the material reinforcing fibers in the adjacent 
plies and their depth location within the structure. 
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Figure 3. 
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Schematic indicating the orientation of embedded optical fibers in 
terms of damage location. 
Table 1. Fundamentals of Composite Damage Assessment Based on the 
Fracture of Embedded Optical Fibers 
* 
* 
* 
* 
* 
* 
* 
* 
The principal fracture mechanism for embedded optical fibers is through-the-
thickness matrix cracks. 
The damage sensitivity of embedded optical fibers can be tailored by an intermittent 
etching process. 
Optical fibers treated in this manner should not be subjected to sharp bends. 
Embedded optical fibers do not appear to compromise the strength and damage 
vulnerability of Kevlar/epoxy composite material structures. 
The threshold impact energy for fracture of embedded optical fibers depends on: 
composite layup and orientation and placement of the embedded optical fibers. 
The maximum damage sensitivity is attained when the optical fibers are embedded 
close to surface of maximum tensile load. 
The optimum damage sensitivity and reliability is attained when the optical fibers 
are embedded between collinear plies and oriented orthogonal to ply direction. 
Optical fibers embedded between noncollinear plies should be oriented orthogonal 
to the ply direction from which the through-the-thickness matrix cracks are likely to 
be propagating, unless this would align them with the other ply. Under these 
circumstances the optical fibers should be oriented to bisect the larger of the angles 
between the plies. 
Currently, we are developing a prototype DESIFORS system for the composite 
Leading Edge of an Aircraft. 
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In the first place the greatest sensitivity to damage arises when the optical 
fibers are embedded as close to the surface of maximum tensile strain as possible 
and sandwiched orthogonally between a pair of collinear plies [8]. When this is 
not possible the orientation leading to the best damage response for optical fibers 
embedded between a given pair of plies is determined by the most likely 
direction for transverse matrix crack propagation. This in tum depends upon the 
overall layup and the direction of the applied load. This observation is consistent 
with our understanding that through-the-thickness matrix cracks constitute the 
principal fracture mechanism for embedded optical fibers [8]. In general the 
optical fibers should be perpendicular to the reinforcing fibers in the ply that 
separates the optical fibers from the region of damage to be sensed. This is 
illustrated in figure 3, where the bold arrows indicate the direction of 
propagation of the through-the-thickness matrix cracks. This arrangement 
would, however, be unsatisfactory if it led to the optical fibers being aligned 
with one of the ply directions. Under these circumstances it would be better to 
orient the optical fibers so that they bisect the larger angle between the plies. 
We have also investigated the influence of embedded optical fibers on the 
strength and damage vulnerability of Kevlar/epoxy composite materials. Our 
results to date are encouraging and suggest no adverse effects, indeed, the 
presence of embedded optical fibers might even marginally improve the 
interlamina fracture toughness [15]. A condensed form of our knowledge base 
regarding damage assessment based on the fracture of embedded optical fibers in 
Kevlar/epoxy is summarized in Table 1. 
Detection of Load Induced Growth in a Damage Zone 
We have examined the possibility that imbedded optical fibers can detect 
load induced growth of a region of damage. A schematic of the experimental 
arrangement is presented as figure 4 . Various fiber optic instrumented multi-ply 
Kevlar/epoxy panels were simply supported on all four edges and subjected to a 
central force that caused out of plane deformation. In between successive 
deformations the panel was examined by backlighting to assess the formation of 
delaminations and the embedded optical fibers were interrogated by laser 
radiation to determine where they had fractured. 
Figure 4. 
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Schematic of the experimental arrangement used for studying the 
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composites with image enhanced backlighting and embedded optical 
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Figure 6. 
Example of load induced damage growth within composites as 
detected with image enhanced backlighting and embedded optical 
fibers. 
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A representative example of the results obtained is presented as figure 5. 
A pair of backlit images of a planar version of an aircraft Kevlar/epoxy Leading 
Edge with a [Ow.<h.45,(h { 90} 0,-45 { 45} 90,0w,Honeycomb,Ow,90,0w] layup are 
displayed as figure 5. A schematic of the layup with a picture of most of the 
constitute layers is presented as figure 6. We have introduced {x} to designate 
the location and orientation, x degrees, of the optical fibers. Clearly in this 
example the optical fibers were imbedded between the 6th and 7th (from the left) 
plies at 900, and between the 8th and 9th plies at 00. The dimensions of this panel 
were approximately,10cm x lOcm x 0.2cm. The grey areas, in figure 5, 
represent regions of delamination and the dark spots indicate light bleedspots (the 
light spots shows dark by image processing) associated with fracture of optical 
fibers. The deflections were 0.75 mm and 1.4 mm, respectively. The arrows 
indicate the optical fibers suffering fractures as well as the direction of 
illumination. The double arrows in the second image designate the optical fibers 
fractured as a result of the increased load. It is quite apparent that the light 
bleedspots tend to be located towards the edge of the region of delamination and 
that as the delamination grows additional fractures of the imbedded optical fibers 
occur. 
These results are fairly representative of many experiments and this work 
is very encouraging since it strongly indicates the viability of using imbedded 
optical fibers to assess the growth of a region of delamination. Further work [16] 
suggests that optical fibers are able to sense the presence of delaminations 
between lamina that are located several ply away provided they are able to 
communicate with the optical fibers by means of through-the-thickness matrix 
cracks. This is in accordance with the K-Rule [5] and means that imbedded 
optical fibers are capable of, in effect, remotely detecting a region of 
delamination and its growth. 
Aircraft Leading Edge Fiber Optic Damage Assessment System 
Currently, we (with the assistance and collaboration of Boeing - de 
Havilland Division) have just completed the fabrication of the world's first 
aircraft composite leading edge containing a build-in fiber optic damage 
assessment system. This is the culmination of a study [17] that involved 
undertaking a substantial series of impact experiments on planar versions of the 
leading edge, see figure 6, to determined the minimum number of optical fiber 
arrays and their optimum placement and orientation. This work has led us to 
conclude that it will be necessary to use three arrays of our damage sensitized 
optical fibers embedded within three separate lamina. The orientation and 
location of the optical fibers in each of the arrays is shown in, figure 7. The 
damaged sensitized region for each array is shown in, figure 8. Measurements 
of the threshold impact energy required to fracture these optical fibers in planar 
versions of: the 13-ply basic layup, this layup plus the rubber layer, this layup 
and the honeycomb core, the full layup including both rubber and honeycomb 
core and finally the thin edge region are presented as horizontal bars in figure 9. 
The bars indicate the measured impact energy required to cause minimum 
delamination damage to the respective samples. It can be seen that a close match 
exists between these two energy thresholds which indicates that the embedded 
optical fibers will be capable of detecting barely visible damage in these samples. 
Although we have found that visual inspection of the light transmitted 
through the optical fibers can be used to assess damage, a photodiode array that 
1194 
Figure 7. 
Figure 8. 
Schematic of part of the leading edge layup showing the location 
and orientation of the embedded optical fibers. 
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Schematic displaying the configuration and damage sensing portions 
of the three optical fiber arrays to be used in the aircraft leading 
edge. 
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Figure 10. Schematic of fiber optic instrumented leading edge. 
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is butt fitted against the optical fiber output port is a more reliable approach. 
The output from the photodiode array will be interpreted by a computer and a 
display of the predicted region of damage will be presented on a monitor. A 
schematic of the system is shown as, figure 10. Although the present system is 
being developed for interrogation when the leading edge is dismounted from the 
wing our approach could readily be adapted for real time monitoring during 
flight using an onboard computer. 
SUMMARY AND FUTURE PROSPECTS 
We have laid much of the ground work necessary for the development of 
for damage evaluation using structurally integrated fiber optic reticulate sensors 
(DESIFORS) technology for Kevlar/epoxy composite structures. A summary of 
our conclusions are provided in Table 1. 
Future Smart Structures can be expected to include "built-in damage 
assessment systems " based on optical fibers. This Smart Structure Technology 
could improve composite products from a number of diverse industries and will 
probably appear on Advanced Aircraft due to the growing use of advanced 
composites and the concomitant move to fly-by-light. Fly-by-light could lay the 
groundwork for acceptance of optical fibers within aircraft, while the need for 
better diagnostics of composite structures will provide the stimulus for this 
technology. Such systems could greatly improve maintenance efficiency and 
safety of aircraft and in general be of value wherever structural integrity is a 
high priority. They could, for example, reduce the potential for environmental 
episodes from toxic storage tanks and pipelines. As Smart Structure Technology 
evolves and becomes more practical and less expensive it could radically change 
the ethics and economic considerations of engineering. In the 21st Century it 
might be regarded as poor engineering to have omitted the inclusion of a built-in 
structural integrity monitoring system if a subsequent failure leads to a 
substantial economic loss or worse still the death or injury of people. 
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